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Description 
SEMICONDUCTOR DEVICE 

Cross Reference to Related Applications 

[0001] This application is a divisional application of U.S. Serial 

No. 09/733,593, entitled "GAN-Based HFET Having a Sur- 
face-Leakage Reducing Cap Layer", filed December 8, 
2000, and which claims priority to Japanese Application 

No. 11-349330, filed December 8, 1999. 
Background of Invention 

[0002] 1. FIELD OF THE INVENTION: 

[0003] The present invention relates to a semiconductor device, 
and more particularly to a field-effect transistor having a 
heterostructure of a Gallium nitride-based semiconductor 
which is generally represented as In Al Ga N (where 

x y 1-x-y 

0<X<1, 0<Y<1). 
[0004] 2. DESCRIPTION OF THE RELATED ART: 

[0005] a Gallium nitride-based semiconductor such as GaN, Al- 
GaN, InGan, InAIGaN or the like has high dielectric break- 



down field, high thermal conductivity and a high electron 
saturation velocity, and thus is promising as a material for 
a high-frequency power device. Particularly in a semicon- 
ductor device having an AIGaN/GaN heterojunction struc- 
ture, electrons accumulate at a high density in a hetero- 
junction interface between AIGaN and GaN, and a so- 
called two-dimensional electron gas is formed. This two- 
dimensional electron gas exists in a spatially separated 
state from donor impurities added to AIGaN, and thus 
shows high electron mobility. A field-effect transistor 
having such a heterostructure is produced so that source 
resistance can be reduced. Moreover, a distance d from a 
gate electrode to the two-dimensional electron gas is typ- 
ically as short as tens of nm, and thus, even if a gate 
length Lg is as short as about 100 nm, the ratio of the 
gate length Lg to the distance d (i.e., aspect ratio) Lg/d, 
can be increased from 5 to about 10. Accordingly, semi- 
conductor devices having a heterostructure have a supe- 
rior feature in that a field-effect transistor which has an 
insignificant short-channel effect and satisfactory satura- 
tion property can be readily produced. Moreover, a two- 
dimensional electron of the AIGaN/GaN-based het- 
erostructure has an electron velocity in a high field region 



of about 1x10 V/cm, which is twice or more than the 
speed of AIGaAs/lnGaAs-heterostructure currently preva- 
lent as a high-frequency transistor, and thus, is expected 
to be applied to high-frequency power devices. 
[0006] a conventional semiconductor device 900 is shown in Fig- 
ure 9. The semiconductor device 900 is formed on a sap- 
phire substrate or SiC substrate 901, on which the follow- 
ing layers are sequentially laminated: a buffer layer 902 
including GaN; a channel layer 903 formed of GaN or In- 
GaN; and an electron donor layer 904 including AIGaN. A 
source electrode 906, a gate electrode 907 and a drain 
electrode 908 are provided on the electron donor layer 
904. 

[0007] This AIGaN/GaN-based heterostructure is typically formed 
on a sapphire substrate or SiC substrate 901 composed of 
a (0001) facet (c facet), through a crystal growth process 
using a metal-organic chemical vapor deposition method 
or a molecular beam epitaxy method. In the case of form- 
ing the buffer layer 902 including GaN on the sapphire 
substrate or SiC substrate 901, it is necessary to thickly 
form the buffer layer 902 in order to account for a great 
difference in lattice constant between the substrate 901 
and the buffer layer 902. This is because the strain due to 



a lattice mismatch between the buffer layer 902 and the 
substrate 901 is sufficiently reduced by forming the buffer 
layer 902 so as to have a relatively large thickness. By 
forming the electron donor layer 904 containing AIGaN to 
which n-type impurities such as Si or the like are added 
so as to have a thickness on the order of tens of nm on 
this thick buffer layer 902, a two-dimensional electron 
gas (i.e., channel layer 903) is formed in the buffer layer 
902 which has a great electron affinity in the heterointer- 
face between AIGaN and GaN due to the effects of selec- 
tive doping. The crystal facet of a heterostructure formed 
by an MOCVD (metal-organic chemical vapor deposition) 
method, is typically composed of a facet of Ga, which is 
an III group element. This two-dimensional electron gas is 
susceptible to the effects of piezo-polarization in a c axis 
direction due to tensile stress imposed on AIGaN, in addi- 
tion to a difference in spontaneous polarization between 
AIGaN (included in the electron donor layer 904) and GaN 
(included in the buffer layer 902). Thus, electrons accu- 
mulate at a density which is higher than a value which 
would be expected from the density of the n-type impuri- 
ties added to the electron donor layer 904. When Al com- 
position of AIGaN of the electron donor layer 904 is 0.2 to 



0.3, electron density of the channel layer 903 is about 

13 2 

1x10 /cm , which is about 3 times the density of a 
GaAs-based device. Since the two-dimensional electron 
gas of such a high density is accumulated, the semicon- 
ductor device 900 used as a GaN-based heterostructure 
field-effect transistor (FET) is considered as a highly 
promising power device. 

[0008] However, the conventional semiconductor device 900 has 
a number of problems as follows: (1) due to the imper- 
fectness of crystal growth techniques and their associated 
processes, a satisfactory crystal can not be obtained; and 
(2) in the case of involving an etching process, the device 
properties may be deteriorated due to damage inflicted by 
the etching process, and thus, the expected power char- 
acteristics may not be sufficiently realized. 

[0009] one of the problems related to the crystal growth is asso- 
ciated with the fact that the undoped GaN included in the 
buffer layer 902 typically represents an n-type and the 
carrier density may be as high as about 10 16 /cm 3 or more. 
This is presumably because the constituent nitrogen (N) 
atoms are released during the crystal growth, and thus, 
vacancies are liable to be formed. When there are such 
residual carriers, the leakage current component via the 



GaN buffer layer 902 of the device becomes greater. In 
particular, when operating the device at a high tempera- 
ture, deteriorations in the element properties such as ag- 
gravation of pinch-off characteristics may occur. As for an 
isolation problem, when forming a plurality of GaN-based 
heterostructure FETs on the same substrate, the FETs in- 
terfere with each other to hinder normal operation. When 
the gate electrode 907 is further provided above this GaN 
buffer layer 902, a problem such as an increase of a gate 
leakage current, a drop in the voltage breakdown level of 
the device or the like may arise. 
[0010] As for problems associated with etching process tech- 
nique, a facet of GaN (included in the buffer layer 902) or 
AIGaN (included in the electron donor layer 904) may be 
damaged. Since GaN and AIGaN are difficult to remove or 
trim by means of wet etching, dry etching is typically per- 
formed for the etching process. However, a leakage cur- 
rent is likely to flow in the surface of the buffer layer 902 
or the electron donor layer 904 due to the damage in- 
flicted on the surface of the buffer layer 902 or the elec- 
tron donor layer 904. It is considered that in particular, 
shortage of nitrogen on the surface increases the conduc- 
tivity of the surface of the buffer layer 902 exposed by the 



etching, thereby increasing the leakage current. 
Summary of Invention 

[0011] | n one aspect of the invention, a semiconductor device in- 
cludes: a substrate; a buffer layer including GaN formed 
on the substrate, wherein: surfaces of the buffer layer are 
c facets of Ga atoms; a channel layer including GaN or In- 
GaN formed on the buffer layer, wherein: surfaces of the 
channel layer are c facets of Ga or In atoms; an electron 
donor layer including AIGaN formed on the channel layer, 
wherein: surfaces of the electron donor layer are c facets 
of Al or Ga atoms; a source electrode and a drain elec- 
trode formed on the electron donor layer; a cap layer in- 
cluding GaN or InGaAIN formed between the source elec- 
trode and the drain electrode, wherein: surfaces of the cap 
layer are c facets of Ga or In atoms and at least a portion 
of the cap layer is in contact with the electron donor layer; 
and a gate electrode formed at least a portion of which is 
in contact with the cap layer. 

[0012] in one embodiment of the invention, at least a portion of 
the gate electrode may be formed so as to contact the 
electron donor layer. 

[0013] in another embodiment of the invention, the gate elec- 
trode may be formed on the cap layer. 



[0014] | n st j|| another embodiment of the invention, the cap layer 
may include InGaAIN, the cap layer may have a composi- 
tion which is substantially lattice matched with the buffer 
layer in a c facet and the electron donor layer may be 
formed so that an absolute value of a magnitude of a po- 
larization occurring within the cap layer is smaller than 
that of a magnitude of a polarization occurring within the 
electron donor layer. 

[0015] | n s ti|| another embodiment of the invention, an n-type 
impurity may be added to part or whole of the cap layer. 

[0016] in still another embodiment of the invention, the gate 

electrode may be positioned closer to the source electrode 
than to the drain electrode. 

[° 017 ] In still another embodiment of the invention, the gate 
electrode may have a surface area which is larger than 
that of the cap layer. 

[0018] in still another embodiment of the invention, the gate 
electrode may be positioned in a region where the cap 
layer is reduced in thickness or removed. 

[0019] in still another embodiment of the invention, the gate 

electrode may be formed on a side of the cap layer closer 
to the source electrode, and the cap layer may be formed 
between the gate electrode and the drain electrode. 



[0020] | n s ti|| another embodiment of the invention, the cap layer 
may include a semiconductor layer formed on the electron 
donor layer and an insulating film formed on the semi- 
conductor layer. 

[0021] The present invention having the above-described struc- 
ture enhances a barrier height of Schottky junction, 
thereby providing a semiconductor device, which is capa- 
ble of: reducing the leakage current as well as preventing 
an increase of the source resistance; and/or improving the 
voltage breakdown level as well as preventing an increase 
of the source resistance. Moreover, a region occupied by a 
cap layer between a gate electrode and a drain electrode 
is made larger. Such a structure allows the voltage break- 
down level of a semiconductor device to be improved. 

[0022] | n one aspect of the invention, a semiconductor device in- 
cludes: a substrate; a buffer layer including AIGaN formed 
on the substrate, wherein: surfaces of the buffer layer are 
c facets of N atoms; an electron donor layer including AI- 
GaN formed on the buffer layer, wherein: surfaces of the 
electron donor layer are c facets of N atoms; a channel 
layer including GaN or InGaN formed on the electron 
donor layer, wherein: surfaces of the channel layer are c 
facets of N atoms; a source electrode and a drain elec- 



trode formed on the channel layer; a cap layer including 
AIGaN formed between the source electrode and the drain 
electrode, wherein: surfaces of the cap layer are c facets 
of N atoms and at least a portion of the cap layer is in 
contact with the channel layer; and a gate electrode 
formed at least a portion of which is in contact with the 
cap layer. 

[0023] | n one embodiment of the invention, the gate electrode 

may be formed so that at least a portion of which is in 

contact with the channel layer. 
[0024] in another embodiment of the invention, the gate elec- 
trode may be formed on the cap layer. 
[0025] in still another embodiment of the invention, the gate 

electrode may be positioned closer to the source electrode 

than to the drain electrode. 
[0026] in still another embodiment of the invention, the gate 

electrode may have a surface area which is larger than 

that of the cap layer. 
[0027] in still another embodiment of the invention, the gate 

electrode may be positioned in a region where the cap 

layer is reduced in thickness or removed. 
[0028] in still another embodiment of the invention, the gate 

electrode may be formed on a side of the cap layer closer 



to the source electrode, and the cap layer may be formed 
between the gate electrode and the drain electrode. 
[0029] | n s ti|| another embodiment of the invention, the cap layer 
may include a semiconductor layer formed on the electron 
donor layer and an insulating film formed on the semi- 
conductor layer. 

[0030] The present invention having the above-described struc- 
ture enhances a barrier height of Schottky junction, 
thereby providing a semiconductor device, which is capa- 
ble of: reducing the leakage current as well as preventing 
an increase of the source resistance; and/or improving the 
voltage breakdown level as well as preventing an increase 
of the source resistance. Moreover, a region occupied by a 
cap layer between a gate electrode and a drain electrode 
is made larger. Such a structure allows the voltage break- 
down level of a semiconductor device to be improved. 

[0031] Thus, the invention described herein makes possible the 
advantages of: (1) providing a semiconductor device 
(GaN-based heterostructure FET) in which a surface leak- 
age current caused by residual carriers resulting from de- 
fects or damage accidentally caused in the interior or sur- 
face of the GaN layer is significantly reduced; and (2) pro- 
viding a semiconductor device (GaN-based heterostruc- 



ture FET) having a reduced surface leakage current and 

improved voltage breakdown level. 

[0032] These and other advantages of the present invention will 

become apparent to those skilled in the art upon reading 

and understanding the following detailed description with 

reference to the accompanying figures. 
Brief Description of Drawings 

[0033] Figure 1A is a cross-sectional view explaining a field-ef- 
fect transistor according to Example 1 of the present in- 
vention. 

[0034] Figure IB is a plan view illustrating a field-effect transis- 
tor according to Example 1 of the present invention. 

[0035] Figure 2 is a potential graph relative to Example 1 of the 
present invention. 

[0036] Figure 3 is a graph showing dependency of sheet electron 
density and peak potential on a thickness of GaN cap layer 
relative to Example 1 of the present invention. 

[0037] Figure 4 is a cross-sectional view illustrating a field-effect 
transistor according to a variant of Example 1 of the 
present invention. 

[0038] Figure 5 is a cross-sectional view illustrating a field-effect 
transistor according to another variant of Example 1 of 
the present invention. 



[0039] Figure 6A is a cross-sectional view illustrating a field-ef- 
fect transistor according to Example 2 of the present in- 
vention. 

[0040] Figure 6B is a cross-sectional view illustrating a field-ef- 
fect transistor according to Example 2 of the present in- 
vention. 

[0041] Figure 6C is a cross-sectional view illustrating a field-ef- 
fect transistor according to Example 2 of the present in- 
vention. 

[0042] Figure 6D is a cross-sectional view illustrating a field-ef- 
fect transistor according to Example 2 of the present in- 
vention. 

[0043] Figure 6E is a cross-sectional view illustrating a field-ef- 
fect transistor according to Example 2 of the present in- 
vention. 

[0044] Figure 7 is a cross-sectional view illustrating a field-effect 
transistor according to Example 3 of the present inven- 
tion. 

[0045] Figure 8A is a cross-sectional view illustrating a field-ef- 
fect transistor according to a variant of Example 3 of the 
present invention. 

[0046] Figure 8B is a cross-sectional view illustrating a field-ef- 
fect transistor according to a variant of Example 3 of the 



present invention. 

[0047] Figure 8C is a cross-sectional view illustrating a field-ef- 
fect transistor according to a variant of Example 3 of the 
present invention. 

[0048] Figure 8D is a cross-sectional view illustrating a field-ef- 
fect transistor according to a variant of Example 3 of the 
present invention. 

[0049] Figure 8E is a cross-sectional view illustrating a field-ef- 
fect transistor according to a variant of Example 3 of the 
present invention. 

[0050] Figure 9 is a cross-sectional view illustrating a conven- 
tional field-effect transistor. 
Detailed Description 

[0051] (Example 1) 

[0052] a semiconductor device according to Example 1 of the 
present invention will be described with reference to the 
figures. Figure 1A is a cross-sectional view of a field-ef- 
fect transistor (FET) 100 according to Example 1 of the 
present invention and Figure IB is a plan view thereof. 
The field-effect transistor 100 is formed on a substrate 
101 composed of sapphire or SiC, on which the following 
layers are sequentially laminated: a GaN buffer layer 102 



having a thickness of about 2-3 urn; a channel layer 103 
formed of GaN or InGaN; an n-type AIGaN electron donor 
layer 104 having an AIN component ratio of about 0.15 to 
0.5, to which an n-type impurity such as Si is added at a 

18 -3 

density of about 2x10 cm ;and a GaN cap layer 105 
having a thickness of about 10-20 nm. The GaN cap layer 
105 is selectively etched so as to leave only a central por- 
tion thereof. A gate electrode 107 is formed on the GaN 
cap layer 105. A source electrode 106 and a drain elec- 
trode 108 are formed, adjacent to the gate electrode 107, 
on the surface of the AIGaN electron donor layer 104 ex- 
posed after portions of the GaN cap layer 105 are re- 
moved. The surfaces of each nitride layer are composed of 
c facets of a III group element. 
[0053] As shown in Figure IB, in the periphery of an element 

structural region 109, a separation region 110 surround- 
ing the element structural region 109 is formed by means 
of a method which does not involve etching, e.g., ion im- 
plantation. The GaN cap layer 105 is formed in an area 
which is larger than the gate electrode 107. Moreover, the 
GaN cap layer 105 is formed so as not to contact the 
source electrode 106 and the drain electrode 108. The 
GaN cap layer 105 functions to enhance an effective bar- 



rier height (peak potential) of a Schottky electrode, as ac- 
counted for by a difference between the magnitude of po- 
larization occurring in the GaN cap layer 105 and that oc- 
curring in the AIGaN electron donor layer 104. 

[0054] Next, the influence of polarization occurring when stress 
is imposed on the field-effect transistor 100 having the 
above-described structure will be described. 

[0055] since the GaN buffer layer 102 is sufficiently thick to re- 
duce a compression strain due to lattice mismatching, no 
piezo-polarization occurs due to the strain, but only 
spontaneous polarization occurs. On the other hand, the 
AIGaN electron donor layer 104 is subjected to tensile 
strain, and substantial piezo-polarization occurs therein 
in addition to the spontaneous polarization. This polar- 
ization occurs in a c axis direction of the substrate 101, 
i.e., a direction perpendicular to the upper surface of the 
substrate 101. Figure 2 shows calculation results of theo- 
retical potential along a depth direction, using an inter- 
face between the GaN cap layer 105 and the gate elec- 
trode 107 of the semiconductor device 100 shown in Fig- 
ure 1A as a point of reference (zero distance). The calcu- 
lation takes into consideration the aforementioned influ- 
ence from polarization. 



[0056] | n Figure 2, the thickness of the GaN cap layer 105 is set 
to 10 nm and a gate voltage is set to OV. A potential dif- 
ference occurs in the GaN cap layer 105 due to the influ- 
ence of polarization. As a result, the potential in a het- 
erointerface with the AIGaN electron donor layer 104 (the 
peak potential shown in Figure 2) is increased, thereby in- 
creasing the effective height of the Schottky barrier. 

[0057] Figure 3 shows calculation results of theoretical changes 
(marked by x in Figure 3) in the effective barrier height 
(peak potential) where the thickness of the GaN cap layer 
105 is varied from 0 to 20 nm, and changes (denoted by 
"O" symbols in Figure 3) in the electron density accumu- 
lating at the heterointerface between the GaN cap layer 
105 and the AIGaN electron donor layer 104. 

[0058] As shown in Figure 3, while the effectual barrier height 
(peak potential) of the Schottky electrode gradually in- 
creases as the thickness of the GaN cap layer 105 in- 
creases, the electron density accumulating in the het- 
erointerface between the GaN cap layer 105 and the AI- 
GaN electron donor layer 104 decreases. The reason why 
the peak potential increases is that the barrier height of 
the Schottky electrode to the GaN cap layer 105 remains 
constant, whereas a potential difference occurring in the 



GaN cap layer 105 increases along with an increase of a 
film thickness of the GaN cap layer 105. Thus, the addi- 
tion of the GaN cap layer 105 effectively increases the 
peak potential. The electron density decreases as the 
thickness of the GaN cap layer 105 increases because a 
reverse bias is applied to the gate electrode by the poten- 
tial difference residing in the GaN cap layer 105. 
[0059] As described above, the provision of the GaN cap layer 

105 increases the peak potential and reduces the electron 
density accumulating at the heterointerface. All of these 
factors contribute to the high voltage breakdown level of 
the resultant field-effect transistor. However, the leakage 
current includes a component which flows along the sur- 
faces of the buffer layer 102. In particular, in the case of a 
material which creates a donor responsive to depletion of 
nitrogen atoms on the surfaces, e.g., GaN included in the 
buffer layer 102, it is important to reduce the aforemen- 
tioned component in the leakage current. Moreover, a re- 
duction in the electron density accumulating at the het- 
erointerface leads to: an increase of resistance in a region 
where there is the GaN cap layer 105; an increase of 
source resistance of the field-effect transistor; and a de- 
terioration in performance of the transistor. 



[0060] | n the field-effect transistor 100 according to the present 
invention, the GaN cap layer 105 in the region between a 
gate and a source is removed (i.e., the source electrode 
106 and the cap layer 105 do not directly contact each 
other), thereby further reducing the source resistance. 
Moreover, the leakage current between the source and the 
gate, and the leakage current between the gate and the 
drain can be reduced because the GaN cap layer 105 is re- 
moved (i.e., the source electrode 106 and the cap layer 
105 do not directly contact each other, and the drain elec- 
trode 108 and the cap layer 105 also do not directly con- 
tact each other). This is because, as has already been de- 
scribed, the potential increases suddenly along a direction 
within the plane as indicated by an arrow a in Figure IB 
due to a potential difference occurring in the GaN cap 
layer 105, so that any electrons contributing to the leak- 
age current will have to acquire a level of energy exceed- 
ing such increase in potential level. Electrons have an en- 
ergy of about 26 meV at room temperature. When the in- 
crease in potential level is 260 meV, the leakage current 
can be decreased by about four orders of magnitude, 
which is an extremely significant reduction. In fact, as can 
be seen from the variations in the peak potential in Figure 



3, the provision of the GaN cap layer 105 with a 10 nm 
thickness, will allow an increase in potential level of about 
1 eV to be obtained as compared to the case of not pro- 
viding the GaN cap layer 105. As a result, a leakage cur- 
rent value is expected to be further reduced. 
[0061] Figure 4 shows a field-effect transistor (FET) 400 which is 
a first variant of Example 1 of the present invention. The 
field-effect transistor 400 differs from the field-effect 
transistor 100 described with reference to Figure 1A in 
that the field-effect transistor 400 is constructed so that a 
portion of a GaN cap layer 405 on which a gate electrode 
407 is laminated is reduced in thickness or removed alto- 
gether by etching. Figure 4 shows an example of the gate 
electrode 407 which contacts a current donor layer 404. 
As described above, the GaN cap layer 405 is reduced in 
thickness or removed altogether and the gate electrode 
407 is laminated in a region where the GaN cap layer has 
become thin or removed. Therefore, the deterioration of 
mutual conductance is prevented by the GaN cap layer 
405. In this case, although the Schottky barrier height is 
not enhanced, the increase in potential level along a di- 
rection parallel to the interface between the GaN cap layer 
and the AIGaN electron donor layer contributes to the re- 



duction of the leakage current. 

[0062] | n t he semiconductor device 100 shown Figure 1A, an ex- 
ample of the surface area of the cap layer 105 which is 
greater than that of the gate electrode 107 is shown; 
however, the present invention is not limited to this. Fig- 
ure 5 shows a field-effect transistor (FET) 500 according 
to a second variant of Example 1 of the present invention. 
The field-effect transistor 500 is different from the field- 
effect transistor 100 described with reference to Figure 1A 
in that a GaN cap layer 505 has a width which is smaller 
than that of a gate electrode 507. Accordingly, in the 
field-effect transistor 500, the gate electrode 507 is lami- 
nated in a state extending beyond both sides of the GaN 
cap layer 505. Effects such as reduction in the leakage 
current and improvement in the voltage breakdown level 
can be also attained by using this structure. 

[0063] (Example 2) 

[0064] Figures 6A to 6E show cross-sectional views of field-ef- 
fect transistors (FET) according to Example 2 of the 
present invention. Each of the field-effect transistors 
shown in Figures 6A to 6E includes a GaN cap layer 605 in 
order to improve the voltage breakdown level. 

[0065] a field-effect transistor (FET) 600 shown in Figure 6A is 



different from the field-effect transistor (FET) 100 shown 
in Figure 1 in that a gate electrode 607 provided on the 
GaN cap layer 605 is disposed closer to a source electrode 
606. Therefore, a depletion layer extending across a 
channel layer 603 immediately underlying the gate elec- 
trode 607 can be larger on a drain electrode 608 side and 
the voltage breakdown level of the field-effect transistor 
600 can be improved. 

[0066] a field-effect transistor 610 shown in Figure 6B is differ- 
ent from the field-effect transistor 600 shown in Figure 
6A in that the field-effect transistor 610 has a structure in 
which a portion of the GaN cap layer 605 on which the 
gate electrode 607 is formed is reduced in thickness or 
removed altogether by etching. In the field-effect transis- 
tor 610 of Figure 6B, the GaN cap layer is etched so that 
the gate electrode 607 contacts a current donor layer 604. 
In the field-effect transistor 610 shown in Figure 6B, the 
deterioration of mutual conductance can be prevented by 
introducing the GaN cap layer 605. 

[0067] | n a field-effect transistor 620 shown in Figure 6C, the 

gate electrode 607 is provided on the electron donor layer 
604 and along a side edge of the GaN cap layer 605 closer 
to the source electrode 606. Accordingly, the GaN cap 



layer 605 is disposed between the gate electrode 607 and 
the drain electrode 608. In accordance with the structure 
of the field-effect transistor 620 shown in Figure 6C, the 
leakage current between the gate and the source is not 
improved, but the voltage breakdown level between the 
gate and the drain is improved. Especially, since the gate 
electrode 607 is formed along the side edge of the GaN 
cap layer 605 in a location closer to the source electrode 
606, the field concentration in the neighboring area of the 
gate electrode 607 on the side that is facing the drain can 
be reduced and the voltage breakdown level between the 
gate and the drain can be improved. In the same manner 
as in the field-effect transistor 610 shown in Figure 6B, an 
increase of the source resistance can be prevented and 
the mutual conductance of FET can be improved. 
[0068] The above-described example illustrates a case where 
GaN is used as the cap layer 605. However, a GaN cap 
layer 605 cannot be formed with a relatively large thick- 
ness. This is because, as shown in Figure 3, an increased 
thickness of GaN makes for insufficient sheet electron 
density and/or an excessive peak potential so that posi- 
tive holes may be accumulated between the cap layer 605 
and the electron donor layer 604. The need for providing 



a thick cap layer 605 without substantially affecting the 
sheet electron density is especially pronounced in the 
field-effect transistor 620 shown in Figure 6C. This is be- 
cause when the cap layer 605 of the field-effect transistor 
620 has a large thickness, the field concentration in the 
neighboring area of the gate electrode 607 on the side 
that is facing the drain is reduced, and the voltage break- 
down level of the field-effect transistor 620 is improved. 
Moreover, when the cap layer 605 of the field-effect tran- 
sistor 620 has a large thickness, a parasitic gate capaci- 
tance of the portion where the gate electrode 607 over- 
laps the cap layer 605 can be reduced, and high frequency 
property of the field-effect transistor 620 can be im- 
proved. 

[0069] There are two methods for providing the thick cap layer 
605 maintaining properly lowered sheet electron density 
as follows. A first method is to use an InCaAIN cap layer 
instead of using the GaN cap layer 605. A second method 
is to reduce a potential difference occurring in the cap 
layer by adding an n-type impurity to the cap layer. 

[0070] The first method imposes a requirement on the composi- 
tion of InGaAIN; that is, the lattice constant of the c facet 
must be substantially matched with that of the GaN buffer 



layer in order to provide a film having a large thickness. 
For this purpose, since In Al N and GaN can be lat- 

K 0.18 0.72 

tice matched, a mixed crystal of In Al N with GaN 

7 0.18 0.72 

may be formed, resulting in (In Al ) Ga N. In prac- 

0.18 0.72 x 1-x 

tice, however some deviation in the composition may be 
allowed. Another requirement is that the magnitude of 
polarization inside the InGaAIN cap layer must be kept 
smaller than that of the polarization occurring in the Al- 
GaN electron donor layer 604. This imposes a constraint 
on the value of x in (In Al ) Ga N; the maximum 

0.18 0.82 x 1-x 

value of x depends on the AIN component in the AIGaN 
electron donor layer 604. The maximum value of x asso- 
ciated with typical AIN component ratio in the AIGaN elec- 
tron donor layer 604 can be calculated as follows: when 
the AIN composition of the AIGaN electron donor layer 
604 is 10%, the maximum x value is about 0.16; and when 
the AIN composition of the AIGaN electron donor layer 
604 is 30%, the maximum x value is about 0.47. The 
maximum x value may be considered to be about 1.5 
times the AIN component ratio in the AIGaN electron 
donor layer 604. 
[0071] According to the second method, a proper thickness of 
the cap layer 605 is determined by the density of the im- 



purity added thereto. Although the material of the cap 
layer may be GaN or InGaAIN, the following description of 
the second method conveniently assumes that GaN is 
used. The thickness of the cap layer can be increased un- 
der the following conditions while keeping the potential 
similar to that in Figure 2 in a region underlying the AIGaN 
electron donor layer 104 (i.e., a region spanning a dis- 
tance of 10 nm or more in Figure 2). 
[0072] | n Figure 2, the surface potential of the cap layer 105 is 
fixed to the Schottky barrier height, i.e., 0.76V. An un- 
doped GaN layer can be formed on the cap layer as thickly 
as possible by performing a doping so as to obtain an 
electric field which is substantially zero at the surface of 
the cap layer 105 and which is equal to the potential 
(about 1.6V) at the interface between the cap layer 105 
and the AIGaN electron donor layer 104. Such require- 
ments are calculated to give 16.7 nm as a thickness of the 
cap layer and 3xl0 18 /cm 3 as a doping density of the n- 
type impurity. An undoped GaN cap layer of a desirable 
thickness may be formed on such an n-type GaN cap 
layer. 

[0073] The above-described structure for the cap layer is merely 
presented as an exemplary embodiment of the invention, 



and the actual cap layer can be designed with various 
combinations of density and thickness. Moreover, as in 
the field-effect transistors 610 and 620 shown in Figures 
6B and 6C, when the electrical charge control by means of 
the gate electrode mainly occurs at a portion where the 
gate electrode 607 and the field donor layer 604 contact 
with each other, the cap layer 605 may be composed of a 
combination of a semiconductor layer 605b (e.g., an n- 
type GaN layer) with an insulating film 605a formed 
thereon, as in the field-effect transistors 630 and 640 
shown in Figure 6D and 6E. A Si0 2 film or a silicon nitride 
film can be used as the insulating film. A silicon nitride 
film is more preferable because it is considered to have a 
relatively low interface level density. The field-effect tran- 
sistor 630 shown in Figure 6D includes the semiconductor 
layer 605b and the insulating film 605a provided thereon 
instead of the cap layer 605 of the field-effect transistor 
610 shown in Figure 6B; and the field-effect transistor 
640 shown in Figure 6E includes the semiconductor 605b 
and the insulating film 605a provided thereon instead of 
the cap layer 605 of the field-effect transistor 620 shown 
in Figure 6C. In the field-effect transistor 630, the gate 
electrode 607 is formed so as to contact not only the Al- 



GaN electron donor layer 604, but also the upper surface 
of the cap layer 605. It will be appreciated that, in the 
field-effect transistor 610 as well, the gate electrode 607 
may be formed so as to contact not only the AIGaN elec- 
tron donor layer 604 but also the upper surface of the cap 
layer 605. Particularly, as described above, the voltage 
breakdown level can be expected to be improved by elon- 
gating the gate electrode 607 toward the drain electrode 
of the cap layer 605. 
[0074] (Example 3) 

[0075] | n eac h of the field-effect transistor (FET) structures de- 
scribed in Examples 1 and 2, the facet of the heterostruc- 
ture is composed of a III group element. However, an al- 
ternative structure is required in the case of forming the 
facet from a V group element. An example of such a het- 
erostructure, the facet of which is composed of nitrogen, 
a V group element, will be described below. 

[0076] Figure 7 shows a field-effect transistor 700 as a specific 
example of the aforementioned structure. The field-effect 
transistor 700 is formed on a substrate 701 composed of 
sapphire or SiC, on which the following layers are sequen- 
tially laminated: an AIGaN buffer layer 702 having a thick- 
ness of about 2 to 3 urn and an AIN component ratio of 



about 0.15 to 0.5; an n-type AIGaN electron donor layer 
703, to which an n-type impurity such as Si is added at a 
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density of about 2x10 cm ;a channel layer 704 formed 
of GaN or InGaN having a thickness of about 15 to 20 nm; 
and an AIGaN cap layer 705 having a thickness of about 
10 nm. In this field-effect transistor 700, the AIN compo- 
nent ratio of the respective AIGaN layers may be the same. 
However, when polarization effects are taken into account, 
the AIN composition of the surface AIGaN cap layer 705 
can be prescribed to be greater than the AIN composition 
of the AIGaN buffer layer 702. As in the field-effect tran- 
sistor 100 shown in Figure 1A, the AIGaN cap layer 705 is 
selectively removed so as to leave only a central portion 
thereof. A gate electrode 707 is formed on the AIGaN cap 
layer 705. The source electrode 706 and the drain elec- 
trode 708 are formed, adjacent to the gate electrode 707, 
on the channel layer 704 after the AIGaN cap layer 705 are 
removed. As described above, the surfaces of each nitride 
layer are composed of c facets of a V group element 
(nitrogen). 

[0077] | n the heterostructure field-effect transistor 700 mainly 
composed of GaN, a set of growth conditions by a molec- 
ular beam epitaxy method for forming surfaces of a V 



group element, has already been reported. When produc- 
ing a film so that its surfaces will be formed of a V group 
element, the direction of polarization occurring in each 
layer is opposite to that in the case where the surfaces are 
composed of a III group element. Whereas the buffer layer 
102 of the field-effect transistor 100 shown in Figure 1A 
is composed of GaN, the buffer layer 702 of the field-ef- 
fect transistor 700 is composed of AIGaN. An electron 
donor layer 703 including AIGaN to which an n-type im- 
purity such as Si is added and a channel layer 704 are se- 
quentially formed on the buffer layer 702. Electron supply 
to the channel layer 704 occurs via the AIGaN electron 
donor layer 703 underlying the channel layer 704 as well 
as via a positive electrical charge induced by the differ- 
ence in polarization between the channel layer 704 and 
the electron donor layer 703. Accordingly, the gate elec- 
trode is typically formed directly on this channel layer 
704. The AIGaN buffer layer 702 is formed so as to be 
sufficiently thick so that the lattice strain is reduced. The 
channel layer 704 including GaN or InGaN is formed so as 
to be relatively thin, e.g., on the order of tens of nm, since 
the layer is subjected to a compression strain. As the cap 
layer 705, AIGaN is used instead of GaN. 



[0078] Prevention of an increase of the source resistance and re- 
duction of the leakage current are expected from such 
structure based on the same reason described in Example 
1. 

[0079] a number of variants are possible under Example 2; these 
variants are shown in Figures 8A to 8E in the form of 
field-effect transistors (FETs). However, in the field-effect 
transistors shown in Figures 8A to 8E, the surfaces of each 
nitride layer are composed of c facets of a V group ele- 
ment (nitrogen). 

[0080] a field-effect transistor 800 shown in Figure 8A is con- 
structed, as in the field-effect transistor 400 shown in 
Figure 4, so that a portion of an AIGaN cap layer 805 to 
form a gate electrode 807 is reduced in thickness or re- 
moved by etching. Such a structure allows the introduc- 
tion of the AIGaN cap layer 805 to prevent the deteriorat- 
ing mutual conductance. 

[0081] a field-effect transistor 810 shown in Figure 8B corre- 
sponds to the field-effect transistor 500 shown in Figure 
5. In the field-effect transistor (FET) 810, the gate elec- 
trode 807 is formed on the AIGaN cap layer 805, and the 
AIGaN cap layer 805 has a smaller surface area than that 
of the gate electrode 807. Accordingly, the AIGaN cap 



layer 805 is formed so as to be within the bounds of the 
bottom surface of the gate electrode 807. A reduction of 
the leakage current and an improvement of the voltage 
breakdown level are expected by forming the field-effect 
transistor 810 in the above-described way. 

[0082] a field-effect transistor 820 shown in Figure 8C corre- 
sponds to the field-effect transistor 600 shown in Figure 
6A. The field-effect transistor 820 has a gate electrode 
807 provided on the AIGaN cap layer 805, at a different 
position than in the field-effect transistor (FET) 800 
shown in Figure 8A. The region occupied by the ALGaN 
cap layer 805 between the gate electrode and the drain 
electrode is made larger by disposing the gate electrode 
807 so as to be closer to the source electrode 806. Such a 
structure allows a depletion layer extending across a 
channel layer 804 directly underlying the gate electrode 
807 to be expanded toward a drain electrode 808 side, 
and the voltage breakdown level of the field-effect tran- 
sistor 820 can be improved. 

[0083] a field-effect transistor 830 shown in Figure 8D corre- 
sponds to the field-effect transistor 610 shown in Figure 
6B. The field-effect transistor 830 is different from the 
field-effect transistor 820 shown in Figure 8C in that a 



portion of the AIGaN cap layer 805 where the gate elec- 
trode 807 is formed is reduced in thickness or removed. 
As in the structure of the field-effect transistor 830, the 
deterioration in mutual conductance can be prevented by 
introducing the AIGaN cap layer 805. 
[0084] a field-effect transistor 840 shown in Figure 8E corre- 
sponds to the field-effect transistor 620 shown in Figure 
6C. The field-effect transistor 840 has a structure in 
which the AIGaN cap layer 805 is provided between the 
gate electrode 807 and the drain electrode 808. Although 
the structure of the field-effect transistor 840 may have 
no significant effect on the improvement in the leakage 
current between the gate electrode and the source elec- 
trode, it does provide for improvement of the voltage 
breakdown level between the gate electrode and the drain 
electrode. 

[0085] Prescribing a large thickness for the cap layer 805 is ef- 
fective for improving the voltage breakdown level between 
the gate electrode and the drain electrode in the structure 
of the field-effect transistor 840. However, when surfaces 
are composed of a V group element, it is not easy to form 
a thick cap layer 805 by using any material other than AI- 
GaN. The reason is that, unlike in the case where a facet 



of the heterostructure is formed of a III group element, 
due to the compression strain experienced by the GaN 
composing the channel layer 804 inside the facet, the 
spontaneous polarization and the polarization caused by 
piezoelectric effects occur in opposite directions, and as a 
whole, the polarization occurring inside the GaN channel 
layer 804 has a considerably small absolute value. No ma- 
terial that results in a small value of the polarization can 
be found among materials whose lattice constants match 
that of the AIGaN buffer layer 802 except for AIGaN. Ac- 
cordingly, it is more convenient and easier to dope the 
cap layer 805 as described in Example 2 than to form a 
thick cap layer by using materials other than AIGaN. 
[0086] Moreover, the use of a combination of an AIGaN layer with 
an insulating film formed thereon as the cap layer 805, as 
described in Example 2, is also effective in the structure 
of the field-effect transistors 830 and 840. An SiO film or 
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a silicon nitride film can be used as an insulating film, but 
the use of a silicon nitride film is more preferable since a 
nitride silicon film is considered to have a low interface 
level density. 

[0087] There have been previous reports on instances in which 
the GaN buffer layers 102, 402, 502, or 602, and/or the 



AIGaN buffer layers 702, 802 similar to those described in 
the present specification are formed on the substrate 
101,401, 501, 601, 701, 801, respectively, with a rela- 
tively thin AIN layer (about 100 nm) interposed therebe- 
tween. It will be appreciated that the present invention is 
also applicable to such instance with no substantial 
changes. 

[0088] The present invention provides a semiconductor device 
(field-effect transistor), which is capable of: reducing the 
leakage current as well as preventing an increase of the 
source resistance of the gallium nitride-based het- 
erostructure; and/or improving the voltage breakdown 
level as well as preventing an increase of the source resis- 
tance. As a result, it is possible to improve the power 
characteristics of the semiconductor device of a gallium 
nitride-based heterostructure. 

[0089] Various other modifications will be apparent to and can be 
readily made by those skilled in the art without departing 
from the scope and spirit of this invention. Accordingly, it 
is not intended that the scope of the claims appended 
hereto be limited to the description as set forth herein, 
but rather that the claims be broadly construed. 



